An energy-based infinite boundary element integral equation method is developed for the solution of two-or three-dimensional time harmonic fluid scattering problems. This method is essentially based on a domain decomposition that insures the validity for all frequencies, and uses a hypersingular operator that can be integrated readily by standard procedures for single layers. It leads to a set of sparse, symmetric discretized equations. Numerical experiments for a rigid circular cylindrical scatterer subjected to a plane incident wave confirm the stability of the new procedure, and serve to assess its accuracy for wave numbers ranging from 0 to 30, both directly on the scatterer and in the far field.
One well-known difficulty with standard integral formulations for exterior regions is that there is a discrete set of frequencies for which these methods fail. Several techniques have been developed for overcoming this deficiency. A pioneering work in this direction involves a combination of the surface and internal integral representations, 13 in which at least one field point in the interior does not lie on a nodal line of the eigenmodes associated with the critical eigenfrequencies. This is easy to achieve for low wave numbers but some ill-conditioning may result at higher ones as the number of nodal lines increases with frequency. A second technique combines linearly the surface Helmholtz integral formulation and its normal gradient, derived from Green's second theorem. TM This method always leads to unique solutions provided the coupling constant has a nonvanishing imaginary part. Perhaps the earliest procedure, complementary to that of Ref. 14 but used far less frequently, is one that represents the solution in the exterior region as a linear combination of a single-and a double-layer potential 15']6 with the coupling constant again required to have a nonvanishing imaginary part. Until recently, the major drawback with the latter two procedures had been that these formulations contain hypersingular integrals involving the second partial normal derivative of the Green's function which exists only as a Hadamard finite part. Special integration techniques, however, have now been developed to remedy this situa-tematic methodology for the solution of scattering problems based on a variational formulation and integral equation methods with infinite elements that result in localized symmetric systems of discretized equations. The degree of sparsity can be controlled by the user by adding a few additional unknowns within the fluid, and may be selected so as to take full advantage of the particular architecture of a given computer. Subdividing the fluid region into subregions (thus constituting, in essence, a domain decomposition method similar to that developed in Ref. 28 for frequency independent problems in bounded domains) also achieves the additional goal of precluding the occurrence of critical frequencies, thus rendering a method that is valid for all frequencies. In the following section we present a new methodology as it applies to rigid scatterers. The extension to deformable bodies is straightforward and will be presented in a future communication. We describe the two-dimensional problem but will illustrate the applicability and accuracy of our new technique with numerical examples in two dimensions for wave numbers in the range of 0 to 30. 
n 12+
In order to solve subsequently this problem using infinite elements we subdivide the exterior region 12 + into M subdomains 12% with F'" denoting the boundary of 12% and F• the part of the interface F common to F'", as shown on 
We have shown that the vanishing of the first variation 611 of 11 insures that Eqs. (3), which define completely the fluid scattering problem by a rigid scatterer, all are satisfied. That the converse is also true can be shown from (13) using the integral representation (6). Thus we have the following.
Variational principle: pro, given by (6), is a solution of the scattering problem (3) [ and therefore also of ( 1 ) To examine the structure of the resulting system of algebraic equations it is convenient to consider two-dimensional scattering problems. (The three-dimensional case is similar but the numbering scheme is more cumbersome.) Let the various branches of the boundaries F "• be numbered as follows. The radial branches will be assigned odd numbers while the portions F• of F m will be given even numbers.
Thus, for instance, the branches of F • are 2rn --1, 2rn, and 2rn d-1; since the last branch of F M coincides with the first one of F • there is a total of 2M distinct branches. It is then easy to verify the final system of algebraic equations has the following structure: (26) or its condensed version just described will be much more efficient than solving the full system that would result from a regular boundary integral procedure, which couples all the nodal pressures on the surface of the scatterer. This is the main potential advantage of the present localized, or domain decomposition, method.
III. NUMERICAL EXAMPLES
In order to assess the accuracy of our procedure and to verify that it is valid for critical frequencies, we consider the two-dimensional scattering problem for a fixed rigid circular cylinder of radius a to an incident plane wave of amplitude po. We will consider initially the case with four angular partitions, for varying numbers of elements directly on the scatterer. Three regular elements will be placed along each ray, in addition to the infinite element, as shown on Fig. 3 . The effect of increasing the number of angular partitions, or macroelements, and decreasing the number of radial elements linking the scatterer to the infinite element will be explored subsequently. Since the infinite element approximations are based on large-distance asymptotic expansions, the purpose of the regular finite elements along radial lines is to represent the solution within the transition region between the scatterer and the region where the asymptotic solution becomes applicable. The size of this region obviously depends also on the wave number.
In all our calculations, three-noded quadratic isoparametric elements are used to represent the boundary F, the pressure sponding exact solutions. Naturally, the number of elements required to attain a prescribed accuracy increases with the wave number, due to the reduced wave length. In general, for a fixed number of elements, the accuracy is greater in the far field than directly on the scatterer. (r/a) 1/2 [p(r, 0)I/p ø (ka = 8.653 727 9, three   standard radial elements in each radial line, 32 elements on r = a) 
IV. CONCLUDING REMARKS
In light of the excellent agreement between the approximate and exact solutions obtained for the test problem, it appears that the new localized symmetric boundary integral equation method provides a practical and accurate means for solving time-harmonic scattering problems for all frequencies. It combines the accuracy and reduced size stemming from integral equation formulations, with the sparsity of algebraic systems usually associated only with finite element grids that cover the entire computational domain. It also offers the possibility of selecting the optimum sparsity that will best exploit the main features of particular advanced architecture computers, as well as the most appropriate direct and indirect methods for solving the resulting systems of algebraic equations. Two-and three-dimensional scatterers of more general shape will be considered in future studies. matrix which might simplify significantly the computational effort. Moreover, while the method, as presented, is valid without modification for scatterers of arbitrary shape in two or three dimensions, it may be convenient, in practice, to subdivide the fluid region into two distinct parts and to combine finite elements within a bounded region with boundary elements over an unbounded region. Finite elements would be used in the finite region contained between the scatterer and a convenient external boundary of simple convex geometry such as a prism or a sphere. One would then use the proposed localized boundary element method for the exterior region surrounding the external boundary of the first bounded, domain. Due to the simple geometry of the exterior region only one or two different types of boundary elements would be required, and then copied to all the subregions tl m . This is the procedure followed in our numerical examples, for which one macroelement was constructed over a single quadrant or octant, depending on the problem, and then copied to the other three or seven wedges. 
